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Electron inelastic mean free path, electron attenuation length,
and low-energy electron-diffraction theory

J. Rundgren*
Theory of Materials, Department of Physics, Royal Institute of Technology, SE-100 44 Stockholm, Sweden

~Received 2 September 1998!

Low-energy electron diffraction~LEED! theory is used for describing the electron transport in crystalline
solids with the purpose of determining the electron attenuation length. The inelastic scattering of the primary
electron in the electron gas of the material is introduced into the LEED theory in terms of the electron inelastic
mean free path derived by Tanuma, Powell, and Penn from the Lindhard dielectric function and optical data
@Surf. Interface Anal.17, 911 ~1991!#. The theorem of flux reversal for electrons in situations of inward and
outward propagation is deduced from local inversion symmetry and specific boundary conditions at the
sources. The theory is applied to 50–400 eV electrons incident on the three low-index surfaces of copper, and
a fair agreement is found with a previous Monte Carlo simulation of the electron transport in amorphous
copper. In addition to the inelastic electron-electron gas scattering, the inelastic electron-phonon scattering has
a significant effect on the attenuation length in a crystalline material. The temperature parameter, necessary in
a LEED calculation, does not occur in current Monte Carlo simulations. Common scattering potential models,
at low energy, for LEED and for Auger electron spectroscopy and x-ray photoemission spectroscopy are
discussed.@S0163-1829~99!03707-8#
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I. INTRODUCTION

The aim of the present paper is to compare Auger elec
spectroscopy~AES! and x-ray photoemission spectrosco
~XPS! studies of electron emission depth at low energ
with calculations of electron transmission in low-ener
electron diffraction~LEED!. The paper presents a dynamic
LEED theory for the calculation of the electron attenuati
length in crystalline solids, and the theory is applied to co
per in the energy range 50–400 eV. The calculations
based on the tables of electron inelastic mean free path
rived by Tanuma, Powell, and Penn~TPP! from the Lindhard
dielectric function and optical data for 27 elemental solids1,2

A fundamental interest in this comparison is that dynam
cal LEED is manifestly a multiple-scattering theory,3,4

whereas current Monte Carlo simulations are based on
single-scattering Born approximation all the way from 20
down to 50 eV.5 An immediate question is whether Mon
Carlo simulation is able to produce true emission depths
the low-energy regime.6,7

In a solid the primary intensity of electrons incident o
the surface or created at internal sources is attenuated b
common effect of elastic and inelastic scattering. For el
trons of keV primary energy the electron propagation f
lows a definite trajectory, and the elastic electron-ion c
scattering can be described by the Born approximation.
cause of the elastic collisions with ion cores the trajectory
not straight but zigzag, and the distance from a scatte
node, where the electron preserves the primary energy
point where an energy loss occurs, is always shorter than
inelastic mean free pathl IMFP .

A LEED approach to the determination of electron tran
port attenuation is delineated in Sec. II. In ideal crystals
space-filling electron probability density is expandable
plane waves or beams, and the multiple electron scatterin
PRB 590163-1829/99/59~7!/5106~9!/$15.00
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the lattice is calculated to infinite order by dynamical LEE
theory.3,4 Inelastic events are taken into account by means
an imaginary potentialV0i , often referred to as the absorp
tive or optical potential. More intensity is scattered out of t
primary 00 beam into anotherhk beam than is backscattere
from hk into 00 because of the inelastic losses occurr
together with the elastic scattering events. Therefore,
spacing between a plane at depthz1 , where the electron ha
primary energy to a plane atz2 where it undergoes an energ
loss, is generally less thanl IMFP . In the following the aver-
age spacinguz12z2u is referred to as the attenuation leng
lAL .

Electron transport in LEED and in Monte Carlo simul
tion can be compared irrespective of the direction of pro
gation. Section III demonstrates that flux reversal follo
from local inversion symmetry in the solid. Flux reversal
shown to be an asymptotic feature attained at such a g
depth beyond the electron source that the intensity transi
due to the particular boundary condition have levelled ou

The attenuation of the electron transport in a crysta
studied in great detail by LEED calculations on copper.
Sec. IV an elastic electron-ion core-scattering potentia
designed, and the electron mean free path available in
TPP tables as a function of primary energy is transform
into an imaginary inner potential. The LEED spectra calc
lated for Cu~111! with these potentials excellently agree wi
the experimental data. The establishment of good scatte
parameters for copper is an important prerequisite of
present note comparing the attenuation lengths calculate
LEED for crystalline copper and by Monte Carlo simulatio
for amorphous copper.

A series of case studies on the~111!, ~100!, and ~110!
surfaces of copper in Sec. V show that the transmitted int
sity decreases versus depth with a logarithmic gradient th
constant to a good approximation provided the primary be
5106 ©1999 The American Physical Society
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is incident at an angle less than about 45° from the surf
normal. The attenuation lengths following from LEED a
accompanied with orientational uncertainties due partly
interlayer propagators varying in magnitude with angle
incidence and partly to angular fine structure in the diffra
tion.

The fundamental concepts of LEED and Monte Ca
simulation are considered in Sec. VI in light of some pre
ous review papers. The electron-copper scattering pote
of the present paper is then discussed in relation to a par
lar differential scattering cross section used in the AES-X
literature down to such low energy as 50 eV. It is remark
that the inelastic electron-phonon scattering is not conside
in the current Monte Carlo simulations of electron transpo
The author speculates whether temperature-dependent M
Carlo simulation would confirm that an amorphous mate
has a similar forward electron-scattering lobe as a b
electron-ion core scatterer.

This paper on the attenuation length in copper ends
Sec. VII, the conclusion, by emphasizing the importance
the AES-XPS and LEED techniques applying equival
models for elastic and inelastic scattering in their comm
energy range.

II. ELECTRON TRANSMISSION

A. LEED

Most LEED theories currently use the layer-doubli
method for determining the wave field in the substrate a
the reflection from the surface.3 Given the reflection and the
transmission at the two sides of a layer parallel to the s
face, a LEED computer program calculates successively
reflection and transmission by one layer, two layers, f
layers, and so forth. The layer-doubling converges when
imaginary inner potentialV0i is in the range 2.5–5 eV, which
comprises most elements above 100 eV primary energy.
convergence is rapid like an exponential one, and three
four iterations are usually sufficient for structure determin
tion. Layer-doubling still works, when the primary energy
very low andV0i approaches 1 eV.

For primary energies greater than a few electron volts
backscattered LEED signal is weak compared with the in
dent electron intensity. This means that the magnitude of
wave field inside the surface is essentially determined by
forward-electron transmission. The transmisssion matrix
the i th layer-doubling iteration is denotedTgg8

( i ) , where g
stands for the Miller indiceshk of a beam; the primary beam
00 is from now on denoted by a sole zero. Propagators le
ing from one atomic plane to another are included inTgg8

( i ) .
The electron intensity carried by a beamg through the stack
of layers is expressed as flux in units of incident flux3

I g
~ i !5

uRekgzu uTg0
~ i !u2

uRek0zu
~1!

wherekgz is thez component of the wave vectorkg of beam
g, and wherei counts the iterations; thez direction is normal
to the surface.

The decrease of beam intensitiesI g normal to the surface
is conveniently visualized by diagrams of the logarithm
transmission gradient
e
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Lg5
d ln I g

dz
. ~2!

Differential steps inz are not easily coded in the laye
doubling method, butLg can be set up as

Lg
~ i !5

ln I g
~ i !

z~ i !
~3!

because the attenuation length is defined from a transmis
intensity that decreaes exponentially, in which situationLg

andLg
( i ) above are constant and equal. The logarithmic tra

mission gradient is known in the AES-XPS literature und
the name of ‘‘emission depth distribution function.’’8–10

Case studies ofLg
( i ) made in the energy range 20–400 e

show that a strong exchange of intensity can occur betw
the primary beam and the other beams and thatI 0

( i ) can ex-
hibit the typical behavior of thePendellösungor pendulum
solution of Ewald in electron transmission microscopy.11 The
outermost layers of the crystal generate the backscatte
from the surface, and, correspondingly, one sees a trans
in L ( i ) during the iterationsi<3, where a depthz( i ) of less or
equal to eight layers is attained. In other words, the bound
condition at the surface influences the wave solution to
Schrödinger equation down toz(3). This view on the wave
field is further discussed in Secs. III and V.

The total intensity of all the beams

I ~ i !5(
g

I g
~ i ! ~4!

has a logarithmic gradientL ( i ), which varies relatively
slowly with depth because of cancellations among the be
intensity exchanges. At greater depthi .3, where the back-
scattering transient has vanished,L ( i ) generally tends to a
constant value (,0) provided that the off-normal incidenc
angle is less than about 45°. Outside the 45° admission c
L ( i ) slowly increases withi. A logarithmic transmission gra
dient L ( i ) that is constant with respect toi corresponds to an
exponentially decreasing intensity proportional to exp(L(i)z),
whereas a slowly increasing gradient can be described
‘‘stretched’’ exponential decrease like exp(azb) (a,0 and
0,b,1).

The logarithmic transmission gradientL ( i ) corresponding
to exponential intensity decrease in the admission cone
semiangle 45° defines an attenuation length

lAL52
1

L ~ i !
~ i>3!. ~5!

From the qualitative arguments presented in Sec. I one in
that lAL,l IMFP for the joint effect of inelastic and elasti
scattering. At very low energy, where the wavelength of
primary electron is unable to resolve the crystal structure
only the specular beam is backscattered, it is expected
lAL approachesl IMFP .

B. Inelastic mean free path

When the atomic graininess of a solid is disregarded
primary electron propagates in any directionz as a plane
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5108 PRB 59J. RUNDGREN
wavec5exp(ikz), undisturbed by diffraction but attenuate
by inelastic scattering, hence with a wave numberk that is
complex. The intensity of the wave then decreases wit
factor 1/e over the inelastic mean free pathl IMFP ,

l IMFP5
1

2 Imk
. ~6!

The motion of the primary electron of energyE in the ho-
mogeneous electron gas is governed by the ene
momentum relationE5 1

2 k21V0 , whereV05V0r1 iV0i is a
complex potential composed of the real inner poten
V0r ~,0! and the imaginary optical potentialV0i ~,0!.
Atomic units are used and the energy scale is referred to
Fermi energy. The energy-momentum relation gives the
lowing connection between the the electron absorption qu
tities for propagating waves (E2V0r.0),

2V0il IMFP5V0i~ Im k!2152$2~E2V0r!1~2l IMFP!22%1/2

~7!

52$E2V0r1@~E2V0r!
21V0i

2 #1/2%1/2. ~8!

The homogeneous electron-gas model provides an im
nary potentialV0i through Eq.~7!. The energy dependence o
l IMFP is known for 27 elements by TPP’s tables based
optical data,2 and the energy dependence ofV0r can be de-
rived from the interstitial charge density of the solid by t
local density approximation. When used in LEED,V0i(E)
describes the electron absorption in a solid to a good
proximation~Sec. IV!.

In crystals the electron field has translational periodic
parallel to the surface, and electron losses can only occu
wave motion in thez direction perpendicular to the surfac
The separatedz directed motion of an electron in beamg has
a complex wave-vector componentkgz and an energy of
propagation

Egz5E2
1

2
uki1gu2, ~9!

when the primary beam is incident with a wave-vector co
ponentki parallel to the surface. Equation~8! determines
Im kgz on replacement ofk by kgz and ofE by Egz .

The stretched exponential intensity decrease occurrin
near-to-grazing incidence is a feature of the interlayer pro
gators exp(ikgzd) (d is the interlayer spacing!. Figure 1 illus-
trates the interlayer propagator by its magnitu
exp(2d Im kgz) regarded as a function of the variableq
5 1

2 uki1gu2/E, which is the energy of propagation parallel
the surface expressed in units of the primary energyE. In
particular, for the specular beam theq variable equals sin2u,
whereu is the angle of incidence. The diagram in Fig. 1
drawn for the Cu~111! surface with consideration of the en
ergy dependence ofV0r and V0i . It turns out that the inter-
layer propagator begins a substantial decrease beyonq
50.520.75, corresponding to an off-normal incidence
45°260° for the specular beam. Imkgz assumes its mini-
mum value with the least wave numberuki1gu of surface
parallel propagation and the greatest energyEgz available for
propagation normal to the surface. When the primary in
dence is close to the surface normal, the primary inten
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has minimum attenuation and predominates at all depths
the other hand, a primary beam approaching grazing in
dence undergoes a relatively strong attenuation. The ela
scattering then gradually transmits primary electron flux
wards beams havinguki1gu,ukiu and attenuation similar to
that of perpendicular motion. In the latter case, therefore,
negative logarithmic gradientL ( i ) slowly increases with
depth. LEED calculations on low-index copper surfaces
dicate that the angle of incidence distinguishing exponen
decrease from stretched exponential decrease is roughly

III. FLUX REVERSAL

LEED electrons propagate from the surface and inwar
while AES and XPS electrons emerge from internal sourc
This section demonstrates that the electron transport in so
is reversible in the sense that the flux is the same functio
distance in the inward and outward direction provided t
conditions are fulfilled. The crystal structure has to have
cal inversion symmetry, and the flux has to be considere
distances beyond the extension of the transient generate
the boundary condition at the source.

In the solid occupying half-spacez.0 the electron trans-
port is governed by the Schro¨dinger equation and a continu
ity equation with a sink. The sink is assumed to be a u
formly distributed absorptive potentialV0i ~,0!, and the
elastic scattering is described by a potentialVr(x,y,z) with
nuclear singularities corresponding to the periodic or am
phous atomic structure. The Schro¨dinger equation with a
complex scattering potential

V~x,y,z!5Vr~x,y,z!1 iV0i ~10!

determines a complete set of linearly independent basis fu
tions. These are conveniently arranged in two sets of fu
tions fn(x,y,z) and f2n(x,y,z) (n51,2, . . . ), whose
fluxes decrease in the positive and negativez direction, re-
spectively. Letn51 correspond to minimum decrease.

If the elastic scattering potential has local inversion sy
metry at a planez5z0 ,

Vr~x,y,z!5Vr~x,y,2z02z! ~11!

the basis functions will obey the symmetry relation

f2n~x,y,z!5const3 fn~x,y,2z02z!. ~12!

FIG. 1. The absolute value of interlayer propagators in Cu~111!
drawn vs 1

2 uki1gu2/E, the energy of propagation parallel to th
surface in units of the primary energyE.
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Then, in the vicinity ofz5z0 , the fluxes offn and off2n
decrease in oppositez directions with logarithmic gradient
of equal magnitude. Consider now two electron transp
situations, one electron wave generated by a source a
surface and propagating inwards

c inw5(
n

Anfn ~13!

and another electron wave driven by a source in the inte
of the crystal and propagating outwards

coutw5(
n

Bnf2n. ~14!

An and Bn are excitation coefficients determined by an e
ternal and an internal boundary condition, respectively. E
tron transport is reversible,

coutw~x,y,z!5const3 c inw~x,y,2z02z!, ~15!

provided the boundary conditions at the surface or at an
ternal source are the same. In general they are different,
the wavesc inw andcoutw do not exhibit strict inversion sym
metry. However, on the assumption that the source gives
to a beam spectrum containing a primary wavef1 of pre-
dominant intensity, the elastic scattering lobes of the ato
large for the forward scattering, will generate an asympto
electron wave that is specific to the material. In the prese
of local inversion~11! such asymptotic electron transport
reversible.

Cubic crystals have inversion symmetry. The LEED stu
on copper in Sec. V shows that asymptotic transmissio
attained upon three layer doublings.

In an amorphous material inversion symmetry is eve
where present to a good approximation, and flux reve
holds in the nontransient region. The concept of traject
~or flux! reversal was introduced by Gries and Werner
connection with electron transport in AES and XPS.9 Later
the flux transients occurring in the vicinity of the boundary
a surface or an interface were extensively studied by Mo
Carlo simulations.12

In crystals where inversion symmetry of type~11! does
not occur, the logarithmic gradients are expected to dep
significantly on the direction of electron transport. An id
about such a directional effect can perhaps be gained
considering the electric resistivity of noncubic metals.13 For
instance, the resistivities of Be, Sn, and Zn have the para
to-perpendicular ratios 1.2, 1.4, and 1.03, respectively.

IV. LEED ON COPPER

The theory presented in the previous sections will be
lustrated by LEED calculations on the three low-index s
faces of copper, which were earlier subject to extens
LEED studies, namely Cu~111!,14 Cu~100!,15–17 and
Cu~110!.17–20 The experimental LEED data on Cu~111!,
which are available to the author, will be used for establi
ing an appropriate LEED scattering potential for copper.
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A. Elastic and inelastic scattering

An elastic scattering potential for copper in a fcc lattice
calculated by the superposition of atomic charge densitie21

generated by a self-consistent-charge Hartree-Fock-S
code.22–24 This code has both a nonrelativistic and a relat
istic option, of which the former is sufficient in the prese
context. Afterwards an excited-state potentialVxc(E) de-
scribing the exchange and correlation energy of the prim
electron is designed by means of the Hedin-Lundqvist lo
density approximation.25–27

The ad hocmultiplicative factor toVxc(E) introduced by
Hedin and Lundqvist in their theory is conveniently used
adjustment of the local density approximation to the nonu
form charge density in a crystal. In the case of Cu~111!, the
factor 0.96 brings the peaks of the theoretical and exp
mental spectra into excellent agreement. The result is
following energy-dependent inner potential for copper

V0r~E!5max@213.4,23.6265.8~E110.0!21/2# ~16!

as referred to the vacuum level. The ground-state inner
tential 213.4 eV is valid up toE'36 eV, where the
excited-state inner potential takes over. In expression~16!
the work function is assumed to be 4 eV, but in the la
LEED calculationsV0r(E) is adjusted to the energy scale
the experiment by a constant shift.

The partial-wave phase shiftsd l(E) ( l is the orbital quan-
tum number! calculated from the present electron-ion co
potential28 nicely follow the rule of thumb that the number o
phase shifts scales asE1/2 for a given accuracy:
d l(100 eV!<0.002 for l>7, and d l(400 eV!<0.003 for
l>12.

The effect on LEED from inelastic electron-phonon sc
tering due to the thermal vibrations of the crystal lattice c
be taken into account in the calculations by a Deb
temperature dependent real-to-complex transformation of
phase shifts.3 The Cu~111! data were recorded at an ambie
temperature of 300 K, and it turns out that the listed Deb
temperature for copper, 315 K,29 is perfect for the calculation
of the Cu~111! spectra. The vibrational enhancement in t
topmost layer is expected to be very small due to the den
ness of the layer and is not detectable with the limit
amount of data available on Cu~111!.

An imaginary inner potentialV0i(E) follows through Eq.
~7! from TPP’s calculation of the inelastic mean free pa
~Ref. 2, Table II, and Ref. 5, Table I!. These tables extend
from 50 eV and upwards, while the LEED data on Cu~111!
~Ref. 14! go down to very low energy. For the purpose
comparing the present LEED calculation on Cu~111! with
the previously published structure determination, the aut
takes the liberty to extrapolate theV0i(E) curve following
from the TPP calculation down to 20 eV with proper atte
tion to the intensity of the low-energy peaks in the specu
beam spectrum.l IMFP andV0i for copper are drawn as func
tions of energy in Fig. 2.

B. LEED spectra and r-factor

The analysis of electron transmission inside the low-ind
surfaces of copper is carried out using the computer cod
Rundgren and Salwe´n,30 which contains layer-doubling rou
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5110 PRB 59J. RUNDGREN
tines easily adaptable to the operations in Sec. II. The
merics of the code was carefully tested against the LE
program of Moritz and co-workers.31,32 The LEED spectra
for Cu~111! are illustrated in Fig. 3.

As r ~reliability! factor for estimating the misfit betwee
theory and experiment this paper uses the metric distance33,14

D15
1

2(g
E uI g,th2I g,exu dE, ~17!

where the theoretical and experimental spectra,I g,th and
I g,ex, respectively, are normalized to unit integral over t
energy range of beamg. The spectra in Fig. 3 give aD1
value equal to 9% like in the original structure determinat
of Cu~111!.14 Visual inspection of the diagrams in the prev
ous and the present paper gives a slight preference to
agreement obtained in the latter, in particular, regarding
specular beam.

The peaks inI g,th and I g,ex are well positioned in relation
to each other, which directly shows that the energy dep
dence ofV0r is correct to a good approximation.

I g,th and I g,ex have virtually equal peak widths, which de
termineV0i as a function of energy. In addition, it is inte
esting to consider the magnitude of the theoretical and
perimental spectrabeforethe beamwise normalization on th
assumption that the experimental beam spectra are refe
to the same incident intensity. Consulting the raw data of
LEED experiment, one finds~in arbitrary units! the ratio 1.5

FIG. 2. Inelastic mean free path and imaginary inner poten
for copper.

FIG. 3. LEED study of Cu~111! with experimental data from
Lindgren et al. ~Ref. 14!. Individual intensity scalings make th
theoretical and experimental spectra coalesce, for presentation
pose.
u-
D

he
e

n-

x-

red
e

for the 131 eV peak in the 00 spectrum, the ratio 1.4 for
173 eV peak in the 10 spectrum, and the ratio 1.4 for the
eV peak in the 01 spectrum. The magnitudes are conv
ingly coherent.

It is noted that the excellent agreement of theory and
periment shown in Fig. 3 is achieved without any optimiz
tion of the inelastic input parameters, which are the Deb
temperature and the imaginary inner potential derived fr
TPPS’sl IMFP table.

The inelastic electron-phonon scattering has an impor
effect on the intensity and shape of the LEED spectra. W
the temperature is put equal to 0 K instead of 300 K in the
LEED calculation on Cu~111!, the metric distanceD1 jumps
from 9% to 14%, which indicates a significant LEED sen
tivity to temperature.

V. ATTENUATION IN COPPER

A. Logarithmic transmission gradient

The attenuation of the electron field in the crystal is o
tained from the total transmitted intensityI ( i ) as a function of
the depth of penetrationz( i ). Figure 4 conveys a general ide
about the attenuation of the electron field by diagrams of
logarithmic transmission gradient versus depth for the
~111! surface at the angles of incidenceu510°,45°, and
60°. As expected from the angular dependence of the in
layer propagators illustrated in Fig. 1, one finds that the lo
rithmic transmission gradient is virtually constant for 10
roughly constant up to 45°, and substantially increasing
60°. In the present paper the logarithmic gradient is taken
be the value at the sixteenth layer for all incidence angle

B. Attenuation length

The present paper reports LEED calculations on
~111!, ~100!, and ~110! surfaces of copper for incidenc
angles 0–70 degrees in steps of 5 degrees. The attenu
length, which is the reciprocal logarithmic transmission g
dient, @Eq. ~5!# will now be studied as a function of th
incidence coordinates: primary energyE, off-normal angle
u, and azimuthf. In addition, the attenuation length de
pends on the surface index. In Figs. 5–7 the attenua
lengths for copper calculated by LEED are compared w
the values obtained by Cumpson and Seah~CS! using Monte
Carlo simulation.5

Figure 5 showslAL as a function of primary energy fo
the Cu~111! surface. With a fixed azimuth two incidences a
chosen, one at 10° and one at the side of the 45° admis
cone. The seemingly irregular structure in thelAL(E) curve
is caused by numerous constructive and destructive inte
ences occurring in the elastic electron scattering.

Figure 6 representslAL as a function of the off-norma
incidence and primary energy for the three low-index s
faces of copper. The curves show the same general tren
all three cases. Although locally they vary differently, th
curves attain roughly the same height at each particular
ergy. The minimum value oflAL occurs for primary energies
around 100 eV.

Figure 7, finally, illustrates the dependence oflAL on azi-
muthal angle and primary energy for 20° off-normal inc
dence at the Cu~111! surface. Again, the intensity shows
vivid diffractional structure.
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C. Orientational uncertainty

A comprehensive description of the electron transmiss
as a function of primary energy is obtained by calculating
average attenuation length in the 45° admission cone, w
the transmitted intensity decreases exponentially. The
taining standard deviation estimates the orientational va
tion of the attenuation length. The present calculation,
plied separately to the three low-index surfaces of coppe
carried out using the gridsu50° –45° in steps of 5° and
f50° –345° in steps of 15° of which the latter grid is r
ducible by the particular surface symmetry. The surfa
specific results are listed in Table I, and a global aver
with standard deviation is illustrated in Fig. 8 for the ener
range 50–400 eV. The calculations are carried out both
and 300 K to illustrate that the attenuation length in crys
line materials is sensitive to temperature. The gap betw
the 0 K curve and the 300 K curve turns out to increase w
increasing energy and attains 0.8 Å at 400 eV. For comp
son with the Monte Carlo simulation method, Table I co
tains the attenuation length for copper calculated by CS.5

FIG. 4. Logarithmic transmission gradient at the Cu~111! sur-

face. Azimuth is@211̄#, and angle of incidence is~a! 10°, ~b! 45°,
and ~c! 60°.
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It is noted that the uncertainties given in Table I and pl
ted in Fig. 8 are, in fact, not error bars caused by any
merical approximation but are due to the orientational va
tion of the diffraction. The dispersion of the attenuatio
length belonging to a particular crystal face amounts to 0
0.4 Å. A polycrystalline copper sample, which exhibits se
eral surface faces, can have larger dispersion.

VI. DISCUSSION

Starting from LEED theory one is naturally led to th
concept of ‘‘logarithmic transmission gradient,’’L
5(d/dz) ln I, for describing the decrease of the electron fl
and for defining an attenuation length. The concept
‘‘emission depth distribution’’ used in AES-XPS literature
defined by the same derivative of the intensity as above,
the naming used in this note was preferred because o
allusion to transmission matrix, which is a corner stone
LEED theory.3

A. LEED and Monte Carlo simulation

In Sec. V the attenuation length in copper is calcula
from the nontransient part of the electron transmission w
neglect of the boundary condition at the surface. Curr
Monte Carlo simulations utilize nontransience in the sa
way.9,5 But the two descriptions of electron transmission
apart already from Eq.~7!. LEED theory usesV0i and Monte
Carlo simulationl IMFP . The imaginary potential gives ris
to a continuity equation for the electron probability dens
with a sink, giving a continous probability for electron a
sorption. In the Monte Carlo simulation with inelastic me

FIG. 5. Inelastic mean free path and attenuation length

Cu~111!. Azimuth is @211̄#, and angle of incidence is~a! 10°, and
~b! 45°.
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free path, the electron trajectory is a pearl-rope of elastic
scattering ion cores, sooner or later broken off by an inela
event.

The low-energy limit, below which the single-scatterin
Born approximation is unjustified with a given standard
accuracy, is not known.7 Generalizations of the method
dedicated to either amorphous or crystalline materials h

FIG. 6. Attenuation length as a function of off-normal inciden
and primary energy for three low-index surfaces of copper~a!
Cu~111!, ~b! Cu~100!, and~c! Cu~110!. Comparison with a Monte
Carlo simulation~CS! ~Ref. 5!.
ly
ic

f

e

been discussed quite a long time from the points of view
AES-XPS ~Refs. 6,7! and LEED.34 Diffuse LEED treats
amorphousness in an atomic layer adsorbed on a crystal
cluster calculation. The cluster size is limited by the inelas
events which prevent electrons at a given point to feel ato
structure at a distance.35

It was hoped that the present LEED calculation and
Monte Carlo simulation on copper would converge near
upper-energy limit of 400 eV. No such tendency is seen
Fig. 8. The LEED and CS curves run more or less para
above 100 eV.

A major difference between the calculations of CS a
the present paper is that the former are applied to an am
phous material, whereas the latter are carried out on a cry
Disorder by itself causes incoherence and electron absorp
in diffraction, as, for instance, in the case of random meta
alloys.36 If a disorder argument is important in the prese
context, the electron absorption in an amorphous mate
would be stronger than in a crystalline one. In Fig. 8 t
attenuation length of CS is in fact longer than the LEED o
both at 0 K and at 300 K. The intensity is further discuss
in the following two subsections.

The LEED attenuation lengths presented in Table I a
Fig. 8 are subject to orientational uncertainty caused by
effects. First, the intensity variation due to the angular
pendence of the interlayer propagators~Sec. II B!, and, sec-
ond, the diffractional intensity variations with respect
E,u,f, and crystal face~Sec. V B!. These orientational un
certainties add up to 10–15 %. CS demonstrate that the
tenuation length given by Monte Carlo simulation is
smooth function of emission angleu. The authors estimate

FIG. 7. Attenuation length as a function of azimuth and prima
energy for Cu~111!. Comparison with a Monte Carlo simulatio
~CS! ~Ref. 5!.
TABLE I. Attenuation length~in Å! vs energy for three low-index surfaces of copper.

at 300 K at 0 K CS~Ref. 5!
E ~eV! ~111! ~100! ~110! ~111! ~100! ~110!

50 3.360.5 2.960.5 3.360.4 3.460.6 3.160.4 3.560.4 2.9
75 3.060.5 2.760.4 2.760.4 3.160.5 2.960.5 2.860.5 3.3

100 2.760.5 2.560.4 2.660.5 2.960.5 2.760.5 2.760.5 3.5
200 3.660.5 3.360.5 3.260.6 4.060.6 3.660.6 3.760.5 4.4
300 4.460.6 4.260.7 4.060.8 4.960.7 4.760.7 4.560.8 5.5
400 5.060.7 4.960.7 4.860.9 5.660.9 5.760.7 5.460.9 6.5
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the ‘‘maximum usable emission angle’’ for a given accura
of emission depth and find that 5% accuracy defines a
admission cone.5

B. Elastic scattering

A basic element in the calculation of electron attenuat
lengths is the elastic electron-ion core scattering potentia
their Monte Carlo simulation CS use the differential scatt
ing cross section tabulated as a function of energy by Czy
wski et al.37 If the pertaining electron-scattering phase sh
had been available, the immediate action had been to a
them to a LEED calculation. Instead, the differential scatt
ing cross section will be used to shed some light on
attenuation lengths illustrated in Fig. 8.

Figure 9 shows the differential cross section for coppe
100 eV following from the superposition of Hartree-Foc
Slater charge densities in Sec. IV A together with the diff
ential cross section produced by the relativistic Hartree-F
method of Czyzewskiet al. In the first place the 0 K curve o
the present paper is considered. One finds a substantia
crepancy between the cross sections of the two paper
which the latter is said to have little experimental supp
below 1 keV.37 The electron-scattering potential generated
Sec. IV A reproduces extremely well the LEED spectra
Cu~111! as demonstrated in Fig. 3 and is considered the p

FIG. 8. Attenuation length for Cu~111! in a 45° admission cone
about the surface normal; comparison with a Monte Carlo sim
tion ~CS! ~Ref. 5!. Vertical bars show orientational uncertaintie
the middle curve is shifted 5 eV to the right for clarity.

FIG. 9. Differential scattering cross section for copper at 100
from a self-consistent-charge Hartree-Fock-Slater model applie
a fcc lattice of ion cores; comparison with the Hartree-Fock cal
lation of Czyzewskiet al. ~Ref. 37!.
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ferred one. The fact that the electron-scattering potentia
Czyzewskiet al. overestimates the forward scattering, m
explain that the CS calculation gives greater attenua
length than the LEED calculation.

C. Inelastic scattering

The attenuation length depends on temperature in LE
theory as shown in Fig. 8, while temperature does not oc
as a parameter in current Monte Carlo simulations.

Figure 9 shows how the inelastic electron-phonon scat
ing due to lattice vibrations influences the effecti
differential-scattering cross section of the ion cores. The s
sitivity to temperature varies from nothing in the forwa
direction to a maximum in the backward direction. In th
case of 100 eV primary energy the backscattered inten
relative to the forwardscattered intensity is 0.16 at 0 K and
0.07 at 300 K; at 400 eV the corresponding ratios are 0
and 0.003. Although the backscattering is thus found rap
to decrease in relative intensity when the energy increa
the LEED calculation illustrated in Fig. 8 shows that th
effect of thermal motion on the attenuation length is stro
and roughly the same in the whole energy range 50–400
In crystalline materials mirror planes give rise to multip
scattering, which can amplify backward scattering and
effect of thermal motion.

A hypothesis close at hand is that amorphous materi
where there is no analogue to multiple scattering betw
mirror planes, scatter electrons in the forward direction mu
like the ion cores. Monte Carlo simulation with temperatu
dependent differential scattering cross sections would t
show a very weak effect on the attenuation length, and
single-scattering Born approximation could be valid down
some low energy. A test calculation to see whether the ef
of lattice vibrations is observable with the current resoluti
of AES-XPS equipments is beyond the scope of the pres
paper.

The agreement of theoretical and experimental LE
spectra for copper shown in Fig. 3 is achieved without a
optimization of the inelastic-input parameters, which are
Debye temperature and the imaginary inner potentialV0i de-
rived from TPP’sl IMFP table. V0i illustrated in Fig. 2 is
approximately constant in a large energy interval; it assum
its minimum value24.54 eV at about 200 eV primary en
ergy and increases to24.37 eV at the primary energies 12
and 400 eV.

The imaginary innner potentials determined in eig
LEED investigations on copper are presented in Table
Reference is made to works which use aV0i(E) that remains
constant or has a minimum14 like in Fig. 2. The heuristic
2E1/3 model is left out of consideration, because it is d

-

to
-

TABLE II. Imaginary potentialV0i for copper from selected
LEED works.

Surface V0i ~eV! with Refs.

~111!-(131) 24.6 ~Ref. 14!
~100!-(131) 24 ~Ref. 15–17!
~110!-(131) 22.560.3 ~Ref. 18!, 24 ~Refs. 17 and 19!
~110!-(132) 25 ~Ref. 20!
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5114 PRB 59J. RUNDGREN
creasing at high energy. Table II gives a mean imagin
inner potential24.0 eV, accompanied with an importa
root mean-square dispersion, 0.7 eV. The mean LEED va
roughly agrees with the TPP value for copper,24.4 eV in
the range 128–400 eV, but the LEED technique is proba
capable of less dispersion inV0i than the above.

VII. CONCLUSION

Flux reversal for electron transport in crystals and am
phous materials is derived from local inversion symmet
The flux reversal is limited to the region exterior to th
wave-field transients due to the boundary conditions at
source and at interfaces.

This paper is a comparison between attenuation len
calculated by LEED and by Monte Carlo simulation. A fa
agreement is found for crystalline and amorphous cop
Details concerning the scattering parameters remain to
clarified before the low-energy limit of the Born approxim
tion to electron transmission can be determined.
s
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be

It is of general physical interest that AES-XPS and LEE
utilize compatible electron-ion scattering potentials, wh
the energy regions of the methods overlap. LEED establis
valid potentials for elements at energies extending to so
500 eV. A great body of experimental evidence exists;
1995 the LEED literature contained 156 surface studies
clean metals and semiconductors distributed on
elements.38

TPP’s table of inelastic mean free paths for 27 eleme2

establishes a standard for the design of imaginary inner
tentials for LEED. The negativeV0i’s following from the
l IMFP’s through Eq.~7! are all found to go through a mini
mum somewhere in the interval 100–300 eV and slowly
increase towards high primary energy.
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36B. L. Györrfy and G. M. Stocks, inElectrons in Disordered Met-

als and at Metallic Surfaces, edited by P. Phariseau, B. L. Gy-
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